Objective-Lymphangiogenesis is regulated by transcription factors and by growth factor pathways, but their interplay has not been extensively studied so far. We addressed this issue in zebrafish. Approach and Results-Mutations in the transcription factor-coding gene SOX18 and in VEGFR3 cause lymphedema, and the VEGFR3/Flt4 ligand VEGFC plays an evolutionarily conserved role in lymphangiogenesis. Here, we report a strong genetic interaction between Sox18 and VegfC in the early phases of lymphatic development in zebrafish. Knockdown of sox18 selectively impaired lymphatic sprouting from the cardinal vein and resulted in defective lymphatic thoracic duct formation. Sox18 and the related protein Sox7 play redundant roles in arteriovenous differentiation. We used a novel transgenic line that enables inducible expression of a dominant-negative mutant form of mouse Sox18 protein. Our data led us to conclude that Sox18 is crucially involved in lymphangiogenesis after arteriovenous differentiation. Combined partial knockdown of sox18 and vegfc, using subcritical doses of specific morpholinos, revealed a synergistic interaction in both venous and lymphatic sprouting from the cardinal vein and greatly impaired thoracic duct formation. Conclusions-This interaction suggests a previously unappreciated crosstalk between the growth factor and transcription factor pathways that regulate lymphangiogenesis in development and disease. (Arterioscler Thromb Vasc Biol. 2013;33:1238-1247.)
T he lymphatic system is a major component of the vertebrate vasculature and plays key roles in tissue fluid homeostasis, fat absorption, and the immune response. 1 Lymphatic vessel function and dysfunction contribute to the progression of several pathological conditions, such as tumor metastasis, lymphedema, obesity, and inflammation. 2 Despite its relevance for human health and disease, lymphangiogenesis has been far less studied than blood vessel angiogenesis. Hereditary (primary) lymphedema is a rare genetic disorder commonly caused by inherited mutations in genes that regulate crucial pathways during the development of the lymphovascular system. Several genes have been identified in lymphedema, including VEGFR3 (Milroy disease), 3, 4 FOXC2 (lymphedema distichiasis syndrome), 5 HGF/MET, 6 GJC2, 7 PTPN14, 8 GATA2, 9 and KIF11. 10 Hypotrichosis-lymphedema-telangiectasia is a human syndrome displaying mutations in the transcription factor SOX18 and is characterized by the association of heritable alopecia, lymphedema, and vascular malformations. 11 The spontaneous ragged (Ra) mutant mice represent the murine counterpart of the hypotrichosis-lymphedema-telangiectasia syndrome. 12, 13 The most severe Ra mutation, ragged-opossum (RaOp), and the Sox18 null mice, in a pure C57BL/6 (B6) background, showed gross subcutaneous edema at 13.5 days after coitum and died after 14.5 days after coitum, precluding study of lymphatic physiology beyond that stage. 14 Recent findings in mice demonstrated that Sox18 directly activates the transcription of Prox1, a master regulator of lymphatic endothelial cells (LECs) specification, by binding to its proximal promoter. 14 In mammals, according to the currently widely accepted model, lymphatic vessels arise by direct sprouting of precursors from the cardinal veins to give rise to the early lymph sacs, which remodel and sprout to give rise to the entire lymphatic vasculature. 15, 16 Very recently, it has been shown that a combination of cellular processes that involve ballooning from the cardinal vein and migration as single cells are necessary to establish the lymphatic vascular plexus. 17, 18 A venous origin has been shown also for the recently discovered zebrafish lymphatic system, 19, 20 that shares key molecular regulators (including the vascular endothelial growth factor VEGFC and its receptor VEGFR3/Flt4) with the mammalian system. Recently Ccbe1 (Collagen and calcium-binding EGF domains-1), identified in zebrafish as an important regulator of lymphangioblast budding, 21 has been found to be mutated in human patients affected by Hennekam Lymphangiectasia Lymphedema syndrome, 22, 23 clearly demonstrating that the zebrafish model system could directly aid in defining the molecular basis of human lymphangiopathies.
In zebrafish, developmental angiogenesis occurs in 2 different waves: during the first wave, primary sprouts from the dorsal aorta (DA) give rise to intersomitic vessels (ISVs) from ≈22 hours postfertilization (hpf); during the second wave, half of the sprouts from the vein will convert arterial ISVs into venous ISVs (vISVs), whereas the other half gives rise to a pool of lymphatic precursors at the horizontal myoseptum (HMS), 19, 24 the parachordal lymphangioblasts (PLs), from ≈32 hpf. 21, 25 The lymphatic thoracic duct (TD), the main lymphatic vessel described in zebrafish, 19, 20 is then generated by the ventral migration of these PLs.
We decided to specifically address the role played by sox18 in zebrafish lymphatic development and the interplay between sox18 and the central lymphatic growth factor vegfc. We have previously shown that sox18 and the closely related sox7 gene play redundant roles in arteriovenous differentiation: their simultaneous partial knockdown impairs particularly the acquisition of a full venous identity, thus pointing to a potential role in lymphatic differentiation. 26 We now show that the 2 genes are differentially expressed in the posterior cardinal vein (PCV): at stages crucial for early lymphatic development, only sox18 expression is clearly detectable in the PCV. The knockdown of sox18 specifically affects lymphatic development: the number of sprouts from the vein and of PLs at the myoseptum are significantly impaired, however the number of vISVs is largely unaffected. The inducible expression of a dominant-negative Sox18-RaOp mutant protein in zebrafish embryos causes impairment of lymphatic precursor sprouting from the vein at stages after arteriovenous differentiation, dissociating the phenotype from earlier potential arteriovenous defects.
Significantly, TD defects are synergistically induced by the coinjection of subcritical doses of sox18 and vegfc morpholinos. The simultaneous partial knockdown of sox18 and vegfc reduces the number of PLs, but also vISVs, thus suggesting that both venous and lymphatic sprouting are coregulated by vegfc and sox18. These data support the key importance of Sox18 in early phases of lymphatic development and, for the first time, indicate that a strong genetic interaction exists between Sox18 and VegfC in this process.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

sox18, but not sox7, Is Expressed in the Cardinal Vein During Lymphatic Precursor Sprouting
Sox18 and Sox7 play redundant roles in arteriovenous differentiation of endothelial cells in zebrafish. [26] [27] [28] Simultaneous partial knockdown of both genes, but not single partial knockdowns, causes multiple fusions between the major axial vessels (the DA and the PCV) because of an incomplete acquisition of arteriovenous identity by endothelial cells. In particular, venous endothelial cell differentiation is more impaired than arterial differentiation in sox18/sox7 double morphants. 26 We found that both sox18 and sox7 are expressed in the developing axial and ISVs, and in the developing head vasculature at 29 hpf ( Figure 1Aa , 1Aa', 1Ab, and 1Ab'). However, at later stages of development, the 2 genes are differentially expressed in the PCV: at 36 hpf, only sox18 expression is clearly detectable in the PCV by in situ hybridization (ISH), whereas both sox18 and sox7 are expressed in the DA ( Figure  1Ac , 1Ac', 1Ad and 1Ad'). Given the venous origin of LECs, we decided to evaluate the role played by Sox18 and Sox7 in the early phases of lymphatic development.
Knockdown of sox18 Affects TD Formation
The analysis of TD formation is commonly used to study lymphatic development in zebrafish (Materials and Methods in the online-only Data Supplement). To knockdown sox18 or sox7, we injected splice-blocking morpholinos (sox18-MO2 and sox7-MO2) and translation-blocking morpholinos (sox18-MO1 and sox7-MO1) 26 into tg(fli1a:EGFP) y1 embryos, where both blood and lymphatic vessels are labeled. 19 Larvae were subdivided into phenotypic classes of increasing severity, ranging from fully formed to completely absent TD, to account for the variability of the lymphatic defects (Materials and Methods in the online-only Data Supplement).
We optimized the dose of sox18-MOs to produce relevant defects in TD formation, while minimizing morphological or circulatory defects that would interfere with TD analysis (data not shown). The injection of sox18-MO2 at 1pmol/embryo specifically impairs TD formation at 5 dpf ( Figure 1B Table I in the online-only Data Supplement), supporting the specificity of these phenotypes ( Figure 1C ; Table I in the online-only Data Supplement).
We next analyzed the effects of sox7 knockdown on lymphatic development. Using 2 different morpholinos at the maximal doses allowing robust blood circulation, we found that the knockdown of sox7 caused only minor defects in TD formation ( Figure IIC and IID in the online-only Data Supplement and data not shown). The coinjection of even low doses of sox18-and sox7-MOs blocks blood circulation in the trunk, due to impaired arteriovenous differentiation and arteriovenous shunt formation 26 ; therefore, we could not fully investigate whether knocking down sox7 exacerbates the lymphatic phenotype of sox18 morphants.
When dealing with a subfamily of SOX genes, it is important to check for background-dependent effects, like strain-specific compensatory upregulation of other Sox family members when one is knocked down or out. 14, 29 We analyzed the expression levels of sox7 in sox18 morphants at various developmental stages (18-20 somites, 24 hpf and 36 hpf), before or around early lymphatic development, and we did not observe any significant changes ( Figure IIIa Our data thus point to an important role of Sox18 in lymphatic development, whereas Sox7 does not seem to play such a prominent role in this process and has not been analyzed any further in this study.
Knockdown of sox18 Impairs the Sprouting of Lymphatic Precursors From the Vein, but Does Not Alter vISV Angiogenesis
We next sought to better characterize early steps of lymphatic development in sox18 morphants. In the secondary wave of zebrafish angiogenesis, half of the sprouts from the vein anastomose with and convert arterial derived ISVs into vISVs, whereas the other half gives rise to a pool of lymphatic precursors at the myoseptum, the PLs (also called lymphangioblasts or parachordal chain cells). 19, 21, 24, 25, 30 This process involves several molecular players and is known to be controlled by VEGF-C/VEGFR3 signaling. 24, 25, 31 Knockdown of sox18 caused a reduction of ≈40% in the total number of sprouts from the vein scored at 1.5 dpf, which is compatible with an effect limited to lymphangiogenic sprouting (Figure 2A ). Knockdown of vegfc caused, instead, a much more drastic reduction (Figure 2A ), pointing to an overall impairment of secondary sprouting, as already reported in literature. 31 These data indicate considerably more specificity to the sox18 morphants phenotype we observe here.
Lymphatic precursors, originating from the PCV, are transiently residing at the HMS before migrating ventrally or dorsally to give rise to TD and other trunk lymphatic vessels. 19, 21 We directly scored PLs at the HMS in circulating sox18 morphants and found a significant decrease at 56 hpf (5.1+0.5 versus 8.3+0.2 in controls, Figure 2B ).
We next scored vISVs in circulating control embryos and sox18 morphants at 2.5 dpf. In 3 independent experiments, we found that sox18 knockdown did not significantly alter vISV numbers ( Figure 2C ). Additionally, in separate experiments, we scored for a/v ISVs at 2.5 dpf and kept morphants for further TD scoring at 5 dpf. This enabled us to calculate, A, The expression of sox18 and sox7 was analyzed by in situ hybridization (ISH) at 29 hpf (a and b, respectively) and 36 hpf (c and d, respectively), and cross-sections were made (a'-d'). At 29 hpf, sox18 and sox7 mark the developing axial vessels (dorsal aorta [DA] and PCV, red and blue arrows, respectively, in a, a', b, b'), and the intersomitic vessels (black arrowhead in a, a', b); sox7 staining in intersomitic vessel is visible in other sections of the same embryo (data not shown). At 36 hpf, sox18 staining is still clearly detectable in both DA and PCV (red and blue arrows, respectively, in c, c'), whereas sox7 is expressed in the DA (red arrows in d, d') but not in the PCV. ISH images (a-d) were taken at ×40 magnification, lateral views anterior to the left; cross-sections images (a'-d') were taken at ×350 magnification. B and C, We analyzed thoracic duct (TD) formation in control larvae (std-MO) and in larvae injected with sox18-MO2 or coinjected with sox18-MO2 and sox18 RNA, at 5 dpf using the tg(fli1a:EGFP) y1 line. B, Representative confocal images of trunk regions are shown (lateral views, anterior to the left). Presence or absence of TD is marked with a white arrowhead or asterisk, respectively. C, Circulating larvae were analyzed by scoring the presence/absence of TD within 10 consecutive intersomitic segments along the trunk and subdivided into phenotypic classes. The injection of sox18-MO2 at 1 pmol/embryo specifically impairs TD formation: >60% of sox18 morphants showed defects in TD formation and half of these larvae belonged to the most severe classes. In contrast, control larvae showed only mild TD formation defects: the TD developed as a continuous vessel in >80% of the std-MO injected larvae. sox18 RNA rescues the lymphatic phenotype of sox18 morphants in a dose-dependent way: when increasing doses of sox18-RNA were coinjected with sox18-MO2, the number of larvae with a fully formed TD increased, and the number of larvae belonging to the most severe classes was drastically reduced. The number and percentage of larvae belonging to each phenotypic class are reported in Table I (online-only Data Supplement). a posteriori, the number of a/v ISVs at 2.5 dpf in sox18 morphants showing different degrees of lymphatic defects at 5 dpf. We found that sox18 morphants with more severe TD defects and those either unaffected or with minor TD defects showed comparable vISV numbers ( Figure IVA and IVB in the online-only Data Supplement).
These analyses confirm that sox18 knockdown, at the morpholino dose we chose to avoid circulatory defects, impairs lymphatic development, without significantly altering the venous component of the secondary angiogenic wave.
Heat-Shock Inducible Overexpression of Mouse Sox18 Ragged Opossum Inhibits Zebrafish PL Development Postarteriovenous Segregation
Sox18 plays a role in early arteriovenous differentiation and, theoretically, a ubiquitous knockdown across all developmental stages (morpholino approach) could induce PL and TD defects secondarily to a mild arteriovenous defect that we might not be able to score at a basic morphological level.
To inhibit Sox18 activity at stages subsequent to arteriovenous differentiation, we generated a transgenic line for the temporally inducible inhibition of its transcriptional activity. RaOp is the strongest of the 4 known ragged mutant alleles, all coding for Sox18 mutant proteins with an intact DNA-binding domain but compromised transactivation ability. [32] [33] [34] Ragged mutant proteins act in a dominant-negative fashion, preventing the binding of redundant SoxF factors (ie, Sox7 and Sox17) to Sox18 target genes.
Sox18 RaOp dominantly interferes with Sox18-, 7-, and 17-regulated transcription in mouse embryonic lymphangiogenesis. 14, 29 We took advantage of this mutant allele and cloned the mouse Sox18 RaOp cDNA, fused in frame with the mCherry coding sequence, under the control of the hsp70l promoter ( Figure 3A ). We used Tol2-mediated transgenesis 35 to generate a stable zebrafish tg(hsp70l:Sox18 RaOp mCherry) line.
We performed staged heat shocks and observed the nuclear accumulation of mCherry protein by 3 to 4 hours (but not 2 hours) after heat-shock treatment (data not shown) using confocal microscopy. The tg(hsp70l:Sox18 RaOp mCherry) line was crossed to tg(fli1a:EGFP) y1 or tg(fli1a:EGFP) y1 ;tg(flt1 enh :RFP). Therefore, half of the GFP+ progeny carries the inducible transgene, and the other half of the GFP+ progeny serves as nontransgenic controls, alongside non-heat-shocked transgenic controls. Heat shock was performed at 24, 29, 36, 48, and 72 hpf, and embryos were separated based on mCherry expression at 3 to 4 hours after heat shock.
Heat-shock induction of Sox18 RaOp at 24 hpf led to significant cardiovascular defects and a general (not lymph-) edema phenotype by 5 dpf ( Figure VA in the online-only Data Supplement), attributable to circulatory defects, thus further Knockdown of sox18 impairs sprouts from the vein and reduces the number of lymphatic precursors, but it does not affect the number of arterial and venous intersomitic vessels (ISVs). A, We scored the number of sprouts from the vein on one side of tg(fli1a:EGFP) y1 circulating embryos at 1.5 dpf, in 10 consecutive segments of the trunk region. sox18 and vegfc single morphants (injected with high doses of morpholinos, ie, 1 pmol and 0.5 pmol, respectively) display a statistically highly significant decrease in the number of sprouts from the vein if compared with control embryos (***P<0.001 vs std-MO): the number of sprouts from the vein was reduced of ≈40% in sox18 morphants and of 75% in vegfc morphants (see Table IIA in the online-only Data Supplement). B, Confocal analysis of circulating tg(fli1a:EGFP) y1 embryos at 2.5 dpf shows that the number of parachordal lymphangioblast (PL)+ segments at the horizontal myoseptum is reduced in sox18 (b) and vegfc (c) single morphants if compared with control embryos (a). PL+ segments are marked with an arrowhead, segments devoid of PLs at the horizontal myoseptum (HMS) with an asterisk. d, We scored the number of PL+ segments only on one side of the embryos in the trunk region and plotted here mean values considering 10 segments/embryo. All reductions are highly significant (***P<0.001 vs std-MO; see Table IIB in the online-only Data Supplement). The PL phenotype is more pronounced in vegfc morphants than in sox18 morphants. PLs indicates parachordal lymphangioblasts. C, The number of venous ISVs was scored in 10 consecutive segments of the trunk region, in 2.5 dpf tg(fli1a:EGFP) y1 circulating embryos. The single knockdown of sox18 with high doses of sox18-MO2 does not significantly affect the number of venous ISVs (vISVs; left bar chart); on the contrary, the single knockdown of vegfc with high doses of vegfc-MO results in a much more pronounced decrease in the mean number of vISVs (right bar chart; ***P<0.001 vs std-MO; see Table IIC in the online-only Data Supplement).
revealing an ongoing role of SoxF proteins in cardiovascular development, as reported in the literature for other organisms. 36 Heat shock at 29 hpf did not cause cardiac edema ( Figure  3C ) and did not interfere with major axial blood circulation through the DA and PCV, however the circulation through ISVs was abnormal at 2.5 dpf. Embryos heat shocked at later time points showed normal circulation.
Heat shock at 29 hpf led to a near complete loss of PLs at the HMS at 56 hpf, whereas 36 and 48 hpf heat shocks led to milder reductions in PL numbers ( Figure 3G and 3J; Table  IV in the online-only Data Supplement). Later heat shock at 72 hpf had no effect on later TD formation (data not shown). Non-heat-shocked transgenic animals and heat-shocked nontransgenic controls showed no phenotype (Figure 3B , 3D-3F, and data not shown).
Heat shock at 29 hpf also led to a highly significant reduction in the number of vISVs with respect to control embryos ( Figure 3E , 3F, 3H, 3I, and 3K). Such a reduction was not detectable in sox18 morphants ( Figure 2C , and Figure IVA and IVB in the online-only Data Supplement). This prompted us to analyze the expression level of vegfc in the Sox18 RaOp induced transgenic embryos, because Vegfc/Vegfr3 signaling is crucial for venous and lymphatic sprouting. 21, 31 Heat shock at 29 hpf resulted in a reduction of vegfc expression in these embryos ( Figure VC in the online-only Data Supplement). This reduction may contribute to the severe phenotypes observed on overexpression of the dominant-negative Sox18 mutant protein, but these may also be due to a more generally impaired input of SoxF proteins.
These experiments show that dramatic PL defects were observed when Sox18 RaOp mCherry overexpression was induced at 29 hpf, which leads to the expression of nuclear mCherry protein by 32 to 33 hpf. The milder phenotype with 36 hpf heat shocks suggests a critical period for SoxF activity in lymphatic development between 32 and 40 hpf, during the period of PL sprouting from the cardinal vein.
sox18 and vegfc Genetically Interact in Zebrafish TD Formation
To gain insight into the molecular events governing the early phases of lymphatic development, we decided to analyze the interplay between sox18 and vegfc, a growth factor crucial for this process. 19, 20, 31 We reproduced the lymphatic phenotype associated with knockdown of vegfc and then constructed a dose-response curve by injecting several doses of vegfc-MO to identify a critical range ( Figure VI in the online-only Data Supplement). This led us to define a subcritical dose of vegfc-MO (0.06 pmoles/embryo) to be used in coinjection experiments along with a subcritical dose of sox18-MO2 (0.5 pmoles/embryo).
The single injection of these low doses of sox18 and vegfc morpholinos caused no gross morphological or lymphatic abnormalities (Figure 4 ; Figure VII in the online-only Data Supplement). On the contrary, coinjection of subcritical doses led to severe defects in TD development (Figure 4 ): almost 70% of coinjected larvae showed a total absence of TD or the presence of only 10% to 30% TD+ segments ( Figure 4B ; Figure VII in the online-only Data Supplement). The synergistic effect of the coinjection can also be obtained even when cutting by half the subcritical doses of sox18-MO2 and vegfc-MO (0.25 and 0.03 pmoles/embryo, respectively; Figure VIIIA and VIIIC in the online-only Data Supplement), and TD formation is drastically affected also by coinjecting a low dose of vegfc-MO (0.06 pmoles/embryo, Figure 4 ) with a subcritical dose of an independent sox18 morpholino (sox18-MO1, 0.5 pmoles/embryo), that does not largely affect TD formation when injected on its own ( Figure VIIIB in the online-only Data Supplement).
Moreover, synergistic defects in TD formation were also obtained by simultaneous partial knockdown of sox18 and of the VegfC receptor gene flt4 ( Figure IX in the online-only Data Supplement), coinjecting low doses of sox18-MO2 (0.5 pmoles/embryo) and flt4-MO (0.06 pmoles/embryo).
To determine whether Sox18 and VegfC cross-regulate at the mRNA level, we analyzed by ISH whether the mRNA levels of sox18 or vegfc are perturbed by the knockdown of vegfc or sox18, respectively. sox18 transcripts did not show any significant reduction in vegfc morphants nor did vegfc expression show changes in sox18 morphants ( Figure X in the online-only Data Supplement). In addition, we found that the simultaneous partial knockdown of sox18 and vegfc does not alter sox7 expression ( Figure III in the online-only Data Supplement). These data suggest that the interactions observed here are not occurring at the level of embryonic transcription of these genes.
The overexpression of a dominant-negative Sox18 mutant protein resulted in a reduction of vegfc expression, whereas the knockdown of sox18 did not produce detectable changes in the vegfc ISH signal. These data might imply other SoxF proteins in the regulation of vegfc. Alternatively, they might imply that a more pronounced reduction in Sox18 than the one caused by knockdown is needed to produce an alteration in vegfc levels.
To further address the molecular basis of the Sox18/VegfC interplay, we coinjected vegfc RNA while knocking down sox18 by morpholino injection: overexpression of vegfc partially rescued TD formation defects in sox18 morphants ( Figure XIA in the online-only Data Supplement). The reverse experiment, namely sox18 RNA injection in vegfc morphants, did not cause any amelioration of the TD phenotype ( Figure  XIB in the online-only Data Supplement).
Taken together, our data for the first time suggest a relationship between the growth factor pathways that specifically regulate lymphangiogenesis (VegfC/Vegfr3 signaling) and the transcriptional pathways that modulate lymphangiogenesis.
Sox18 and VegfC Cooperate in Both PL and vISV Sprouting From the Cardinal Vein
We next investigated the specific population of venous-derived cells impaired in these double morphants. In full knockdown scenarios, Sox18 primarily regulates PL sprouting, but VegfC regulates both PL and vISV sprouting.
We scored total sprouts from the vein, PLs, and vISVs in embryos coinjected with subcritical doses of sox18 and vegfc MOs. Combined partial knockdown caused a reduction of >50% in the total number of sprouts from the vein at 1.5 dpf ( Figure 5A ) and a marked loss of PLs at the HMS at 56 hpf ( Figure 5B ). Furthermore, we scored vISVs at 2.5 dpf and found a synergistic interaction in vISV development: the subcritical doses of sox18-and vegfc-MOs caused a statistically significant reduction in vISVs only when coinjected ( Figure  5C ; Figure IVC in the online-only Data Supplement).
To test how robust these observations are, we decided to examine the interaction with independent molecular markers of the vasculature. We performed ISHs with the pan-endothelial marker cdh5 and some venous specific markers, such as dab2, ephB4, and flt4 around 29 hpf. Hybridization signals for these molecular probes were comparable in sox18 morphants and in combined partial sox18 and vegfc morphants with respect to controls, suggesting that blood endothelial cells were largely unaffected ( Figure 6A ; Figure XIIA in the online-only Data Supplement).
Next, we examined venous and lymphatic precursor sprouting using the lyve1 marker 21, 37 in ISHs at 2 dpf. lyve1+ sprouts from the PCV were clearly visible in controls ( Figure  6Bb , white arrows) but severely reduced or absent in sox18 morphants and in combined partial sox18 and vegfc morphants (Figure 6Bd, 6Be, and 6Bg ). We subdivided morphants to better describe their phenotypes in terms of presence/absence and length of lyve1+ sprouts ( Figure 6B ). Normal lyve1+ sprouts were detectable in most control embryos, but in only ≈10% of sox18 morphants and 5% of combined partial sox18vegfc morphants (Figure 6Bh ). Interestingly, among sox18 morphants, the prevalent phenotype was that of embryos with Figure 4 . The simultaneous partial knockdown of sox18 and vegfc severely affects thoracic duct (TD) formation. A, Confocal analysis of circulating larvae at 5 dpf revealed that partial knockdown of sox18 or vegfc with subcritical doses of either sox18-or vegfc-MOs (0.5 pmol and 0.06 pmol, respectively) does not affect TD formation, as observed in tg(fli1a:EGFP) y1 control larvae injected with std-MO (white arrowheads). On the contrary, TD formation is largely impaired by the coinjection of the same subcritical doses of both MOs (sox18+vegfc double partial morphants; white asterisks). B, The bar chart shows the percentage of larvae grouped in phenotypic classes with increasing TD defects. TD formation defects observed in sox18+vegfc double partial morphants are greater than the mere sum of the defects observed in single partial morphants, indicating a synergistic effect of MOs on coinjection. The number and percentage of embryos belonging to each class are reported in Table V ( reduced numbers of lyve1+ sprouts, accounting for almost 40% (Figure 6Bd and 6Bh ), but in combined partial sox18-vegfc morphants, the complete absence of lyve1+ sprouts (asterisk) prevailed, characterizing ≈40% of the embryos (Figure 6Bg and 6Bh). These data give an alternative confirmation of the genetic interaction and could be considered indicative of a combined impairment in lymphatic differentiation and in secondary sprouting in the combined partial sox18-vegfc knockdown but not in single sox18 knockdown scenarios.
Discussion
In the past few years, zebrafish has emerged as a very potent system to study lymphangiogenesis. 38, 39 Overall, the zebrafish lymphatic system shares several morphological, functional, and molecular characteristics with mammals. Since the initial description of the zebrafish lymphatic system in 2006, 19,20 a handful of molecular players have been shown to be evolutionarily conserved, but much remains to be elucidated and we are far from a complete picture of the degree of conservation of molecular pathways from zebrafish to human lymphangiogenesis. This prompted us to study the role of sox18 in zebrafish lymphatic development, because SOX18 mutations are associated with lymphedema in patients affected by the hypotrichosis-lymphedema-telangiectasia syndrome, and studies in mouse placed Sox18 very high in the hierarchy of transcription factors governing LEC differentiation. 40 Sox18 belongs to the Sox F group of Sry-related high mobility group box transcription factors, also comprising the closely related Sox7 and Sox17 proteins. Sox proteins of the same subfamily tend to be biochemically interchangeable in vitro, and the relevance of individual Sox genes for a specific process is often linked to their differential expression in vivo. 14, 29 Ours and other groups have reported that sox7 and sox18 are coexpressed in angioblasts and endothelial cells of the forming vasculature, and that they play redundant roles in arteriovenous differentiation. [26] [27] [28] We show here that sox7 stops being expressed earlier than sox18 in the axial vein, whereas both genes are still expressed in the DA, and that Sox18 specifically regulates lymphatic development.
In mice, Sox18 acts in concert with CoupTFII to drive the transcription of Prox1. 14, 41 The polarized expression of Sox18 precedes that of Prox1 in a subset of cells along the dorsolateral aspect of the cardinal vein at 9 days after coitum, 14 whereas no polarized expression of CoupTFII has been reported so far. Remarkably, we have no evidence of a polarized expression of sox18 within the PCV, when secondary sprouts are arising from the dorsal aspect of the axial vein in zebrafish.
Although quite prominent and statistically highly significant, the degree of impairment in TD formation we observe in sox18 morphants versus control embryos is less striking than that observable when vegfc is fully knocked down. Our analysis is limited to circulating morphants without gross morphological abnormalities, and this sets an upper limit to the dose of sox18 morpholino we use. Hence, the strong but not full impairment in TD formation in sox18 morphants could be the result of a submaximal dose of MO in these experiments. Figure 5 . The simultaneous partial knockdown of sox18 and vegfc impairs sprouts from the vein and reduces parachordal lymphangioblast (PL) and venous intersomitic vessel (vISV) numbers. A, We scored the number of sprouts from the vein on one side of sox18+vegfc double partial morphants (injected with 0.5 pmol sox18-MO2+0.06 pmol vegfcMO) and plotted here mean values considering 10 segments/embryo of circulating tg(fli1a:EGFP) y1 embryos at 1.5 dpf. When subcritical doses of sox18 and vegfc-MOs were coinjected, we scored slightly less than half of the total number of venous-derived sprouts present in controls (***P<0.001 vs std-MO; see Table IIA in the online-only Data Supplement). B, We next scored the presence/absence of PLs at the horizontal myoseptum: we analyzed 10 consecutive trunk segments of circulating tg(fli1a:EGFP) y1 embryos at 2.5 dpf, only on one side. PL+ segments are marked with an arrowhead, segments devoid of PLs with an asterisk. Confocal analysis shows that the number of PL+ segments at the horizontal myoseptum is reduced in sox18+vegfc double partial morphants (b) if compared with control embryos (a). c, Mean values are plotted in the bar chart (see Table IIB in the online-only Data Supplement). All reductions are highly significant (***P<0.001 vs std-MO).C, We also scored the number of vISV in 10 consecutive trunk segments of 2.5 dpf tg(fli1a:EGFP) y1 embryos. Only circulating embryos were analyzed. The simultaneous partial knockdown of sox18+vegfc with low doses of MOs (0.5+0.06 pmol) causes a statistically significant decrease in the number of vISVs (***P<0.001 vs std-MO; see Table IIC in the online-only Data Supplement). We show here the same control embryos data present in Figure 2 , because we performed a unique set of 3 experiments to analyze single sox18 morphants and double partial sox18-vegfc morphants.
Lymphatic precursors sprout from the vein at ≈1.5 dpf and account for approximately half of the total sprouts, 19, 25, 31 the other half consisting of venous sprouts that will connect to arterial ISVs and convert them into venous ISVs. Our results point to a specific impairment of lymphangiogenic sprouting from the cardinal vein in sox18 morphants, whereas secondary venous angiogenic sprouting is not substantially perturbed. Importantly, several pan-endothelial (cdh5) or venous markers (dab2, ephB4, flt4/vegfr3) are unaffected in sox18 morphants, whereas the venous/lymphatic endothelial marker lyve1 is altered: lyve1+ sprouts are either shorter or reduced in number, up to totally absent in the most severely affected sox18 morphants, providing an independent molecular assay for our morphological observations. Notably, PL defects in sox18 morphants do not seem to be secondary to overt venous differentiation problems. These data together imply a specific role of Sox18 in the early phases of lymphatic differentiation and sprouting in zebrafish.
Injection of an uncaged morpholino at very early stages of embryo development leads to a constitutive knockdown of gene function. We used a complementary approach, based on an inducible overexpression of a dominant-negative mutant form of mouse Sox18 in a newly developed stable transgenic line, to interfere with zebrafish SoxF proteins function in a temporally regulated way. A series of heat shocks enabled us to conclude that Sox18 and, possibly, other SoxF proteins function at the time of lymphatic precursor emergence from the PCV and regulate PL sprouting post-arteriovenous differentiation.
Although many signaling pathways have been implicated in lymphangiogenesis, 2,42 it has been pointed out that most of their effects may be secondary to the induction of VEGF-C/D in a variety of cell types. 1 VEGF-C/VEGFR3 signaling has an established and evolutionarily conserved role in lymphatic development. 3, 19, 20, 31, 43 The current literature holds that the specification of LEC fate and the sprouting of LECs from the PCV are regulated independently. 1, 44, 45 Our findings that Sox18 and VegfC show strong genetic interaction in zebrafish lymphatic development challenge this model and mandate a careful mechanistic analysis of this interaction in vertebrate model systems. Specifically, we show that embryos coinjected with subcritical doses of morpholinos against sox18 and vegfc, which produce little or no effect when injected separately, display severe PL and TD defects. This observation seems to be highly specific because the trunk vascular tree does not show abnormalities at the morphological or molecular marker levels. Interestingly, whereas the single knockdown of sox18 does not perturb venous sprouts but only PLs, double partial knockdown of sox18 and vegfc impacts more generally on all secondary angiogenesis from the vein, thus possibly revealing a combined role of both genes in endothelial cell migration. Notably, cell culture data revealed a role for Sox18 in controlling cell migration. 46 The molecular mechanisms underlying the Sox18-VEGF-C crosstalk remain to be elucidated. Our data exclude a simple cross-regulation at transcripts level between sox18 and vegfc. Knockdown of sox18 does not alter vegfc (nor flt4/ vegfr3) ISH signals, and sox18 hybridization signals are not affected in vegfc morphants. A possibility exists that VEGF-C/ VEGFR3 signaling is implicated in modulating Sox18 transcriptional activity by inducing a post-translational modification. Sox18 has been shown to bind to and activate its target genes in vitro only on stimulation with VEGF-C (M.F., personal communication). 14 In cultured mouse LECs, stimulation with VEGF-C does not alter Sox18 mRNA level or the activity of a 5-kb fragment of Sox18 promoter (M.F., personal communication), whereas modulating the transcriptional activity of SOX18 protein. These observations may point to a posttranslational modification mechanism, which remains to be studied. Interestingly, vegfc overexpression ameliorates TD formation in embryos where sox18 is knocked down, possibly suggesting that the transcriptional activity of the residual Sox18 protein is positively modulated by enhanced VegfC/ Vegfr3 signaling. Whatever the mechanism may be, it is clear from the data presented here that the strong Sox18-VEGF-C interplay in lymphangiogenesis is evolutionarily conserved and points to a novel molecular mechanism in lymphangiogenesis that remains to be further investigated.
Sox18 expression is not required for the maintenance of the lymphatic identity in mammals, whereas under pathological conditions, such as tumor growth, Sox18 is critical for tumorinduced angiogenesis and lymphangiogenesis. 46, 47 Both Sox18 and VEGF-C/VEGFR3 are promising targets for inhibition of tumor lymphangiogenesis. 47, 48 Our findings uncover a novel interplay between a key transcription factor and one of the most potent lymphangiogenic growth factors, hence opening new potential therapeutic avenues.
Note added in proof:
A mutation in VEGFC has just been reported in a patient affected by Milroy-like primary lymphedema. 49 
